Introduction {#S0001}
============

Acute lymphoblastic leukemia (ALL), the most common malignancy of childhood, may be of B or T-cell lineage (B-ALL or T-ALL).[@CIT0001],[@CIT0002] Although the survival rate is currently approaching 90%, ALL remains one of the leading causes of cancer deaths in children.[@CIT0003] At onset, ALL is often difficult to discover because of its nonspecific symptoms, especially when blast cells are not detected in the peripheral blood. Currently, the bone marrow aspiration-based morphology, immunophenotype, cytogenetics, and molecular biology (MICM) method is used for the diagnosis and classification of leukemia at the time of onset and transformation. However, most children show different degrees of mental stress regarding this examination. Noninvasive and specific biomarkers for the early diagnosis of pediatric ALL are urgently needed. As early as 1988, it was reported that serum levels of interleukin (IL)-2 receptor in children with newly diagnosed ALL were significantly higher than those in unaffected children and that IL-2 receptor and CD8 had independent prognostic value in childhood ALL.[@CIT0004],[@CIT0005] However, previous studies only detected a single marker for ALL and were not able to screen and identify new biomarkers by holistic expression analysis of human proteins.

Compared to B-ALL, T-ALL has considerable phenotypic and biological heterogeneity; is more common in boys; and is associated with higher white blood cell counts, higher chemotherapy-related deaths, higher relapse rates, earlier central nervous system leukemia, and an overall worse prognosis.[@CIT0006] These biological behaviors and clinical characteristics of T-ALL may be related to the molecular genetics of leukemia cells, such as chromosome aberrations and fusion genes, but the analysis of molecular genetics is not equivalent to revealing the genome-encoded protein.[@CIT0007] The correlation between mRNA/DNA and protein levels is insufficient to predict protein expression levels. Gene expression can only be manifested by proteins. Therefore, it is important to screen and identify proteins expressed in T-ALL that can be used either as biomarkers for early diagnosis or prognosis of the disease or as potential drug targets.

Proteomics is a powerful tool for identifying novel molecule biomarkers.[@CIT0008] Of these, isobaric tags for relative and absolute quantification (iTRAQ), with the ability to multiplex up to eight distinct samples in a single experiment and with relatively higher sensitivity, has gained significant interest in the field of quantitative proteomics as a high-throughput quantification method.[@CIT0009]

In this study, we used iTRAQ-based quantitative proteomic technology to analyze and compare differentially-expressed proteins in serum among three comparative groups (B-ALL: control, T-ALL: control, and T-ALL: B-ALL). Protein expression was confirmed by ELISA. In addition, a bioinformatics Ingenuity Pathway Analysis (IPA, <http://www.ingenuity.com>), including functional annotation, pathway analysis, and protein-protein interaction networks of differential proteins, was also performed. Our findings will contribute to the identification of serum-specific biomarkers in childhood B-ALL and T-ALL and have implications for understanding pediatric ALL.

Materials and methods {#S0002}
=====================

Reagents and equipment {#S0002-S2001}
----------------------

iTRAQ™ 8-plex reagent kits were purchased from Applied ABI (USA). Trypsin, acetonitrile, isopropanol, acetone, formic acid, tris(hydroxymethyl)aminomethane (tris), ethylenediaminetetraacetic acid (EDTA), tetramethylethylenediamine (TEMED), Triton X-100, sodium dodecyl sulfate (SDS), and sodium citrate buffer were purchased from Sigma-Aldrich (USA). sL-Selectin/CD62L, S100A8, LRG1, and SPARC ELISA kits were obtained from Uscn (China). Sep-Pak Vac C18 cartridges were purchased from Waters (USA), Human 14 Multiple Affinity Removal System (MARS) from Agilent (USA), concentrator plus from Eppendorf (Germany), electrospray ionization and quadrupole time-of-flight liquid chromatography-mass spectrometry (ESI-Q-TOF LC-MS) system (Triple TOF4600) from AB SCIEX (USA), a reverse phase BEH C18 column (50×2.1 mm, 1.7 µm, 130 Å) from Waters (USA), and reverse C18 column (150 mm×75 µm, 3 µm, 300 Å) and a nano-high-performance liquid chromatography-mass spectrometry (HPLC-MS) system from Eksigent (USA).

Participants {#S0002-S2002}
------------

Participants were recruited from the Pediatrics Unit of the First Affiliated Hospital of Zhengzhou University between March 2013 and March 2014. The study complied with the Declaration of Helsinki and followed the ethical principles of the First Affiliated Hospital of Zhengzhou University. The study was reviewed and approved by the Institutional Ethics Committee of the Department of Medicine of the First Affiliated Hospital of Zhengzhou University. Written informed consent was obtained from the parents or guardians before the commencement of this study. The primary ALL diagnosis was based on morphology, immunophenotypic analysis, cytochemical staining, and molecular analysis. The clinicopathological analysis was based on French-American-British classification and international prognostic scoring system.[@CIT0010] The patients were divided into the T-ALL or B-ALL groups based on the results of ﬂow cytometry of cell surface markers. Age-matched healthy controls with normal physical examination findings were recruited from hospital outpatient departments; the controls had no manifestations of any hematological malignancy and no family medical history of allergies and other systemic diseases. All participants were \<14 years of age. The characteristics of the study population are described in [Table 1](#T0001){ref-type="table"}.Table 1Basic clinical characteristics of the study populationB-ALLT-ALLControlNo. of cases444444Gender Male243122 Female201322Median age, years (range)4(2months-10)8(25days-14)7(1year-14)FAB Classification L13530- L2914-ImmunophenotypeEarly pre-B ALL(6)\
Pre-B ALL(13)\
common ALL(25)T-ALL-Karyotype abnormal karyotype1416- normal karyotype3028-WBC count ＜30×10^9^/l33(75%)\-- ≥30×10^9^/l11(25%)\-- ＜100×10^9^/l-24(55%)- ≥100×10^9^/l-20(45%)-[^1]

Sample collection {#S0002-S2003}
-----------------

For iTRAQ proteomics analysis, we obtained blood samples from 20 B-ALL patients, 20 T-ALL patients, and 20 healthy controls. For ELISA analysis, an additional 24 B-ALL patients, 24T-ALL patients, and 24 healthy controls were enrolled. Blood samples were collected before the initiation of cytotoxic therapy and 3 ml peripheral blood sample was collected from all participants. The blood samples were incubated at room temperature for 1 h in a vacutainer blood handling tube and centrifuged at 3,000 rpm for 15 min at 4 °C. The serum layer was aspirated and transferred to a clean polypropylene tube and stored at −80 °C until analysis.

Sample preparation {#S0002-S2004}
------------------

Pooled serum samples were generated by combining equal volumes of the 20 individual serum samples from each group (n=20). Serum samples (100 μL) from each group were thawed on ice and centrifuged at 10,000 rpm for 5 min at 4 °C. The high-abundance proteins of each serum pool were depleted using a Human 14 MARS according to the manufacturer's instructions. The low-abundance components from the depletion column were concentrated and desalted using an Amicon® Ultra-0.5 mL. The protein concentration in each sample was quantified using a Bradford Protein Assay Kit (Bio-Rad, Richmond, CA). The protein normalization was confirmed by 12% SDS-polyacrylamide gel electrophoresis (SDS-PAGE).

iTRAQ labeling {#S0002-S2005}
--------------

A total of 100 μg of each protein sample was denatured, reduced, blocked on cysteine, alkylated, and subsequently digested with trypsin overnight at 37 °C. According to the iTRAQ reagent-8 plex Kit protocol from the manufacturer, the tryptic peptide solution of each sample was labeled with iTRAQ reagents as follows: control group with iTRAQ reagent 113; B-ALL group with iTRAQ reagent 114; and T-ALL group with iTRAQ reagent 115. Subsequently, the iTRAQ-labeled peptides were mixed and desalted using a Sep-Pak Vac C18 cartridge and vacuum-dried.

Two-dimensional LC-MS/MS {#S0002-S2006}
------------------------

The mixed peptides were fractionated by strong cation exchange (SCX) chromatography on an ultra-performance liquid chromatography (UPLC) system with a reverse phase BEH C18 column (50×2.1 mm, 1.7 µm, 300 Å). A linear gradient was applied at a flow rate of 200 μl/min using two mobile phases (solvent A: 10 mM ammonium formate, 99.9% (v/v) ddH2O, pH 10; solvent B: 10 mM ammonium formate, 99.9% (v/v) acetonitrile, pH 10) beginning with 5% solvent B and increasing to 30% over a 30-min period). The absorbance was detected at 214 nm and fractions were collected every 0.5 min. Finally, these samples were combined into 24 fractions based on the quantity of peptide and then desalted on C18 cartridges. Each fraction was dried in a vacuum centrifuge and reconstituted with buffer A (5% acetonitrile, 0.1% formic acid, pH 2.7). The fractions were separated by nano-HPLC on a secondary reversed-phase analytical column (C18 column, 150 mm ×75 µm, 3 µm, 300 Å). The peptides were subsequently eluted in a gradient of buffer B (99.9% acetonitrile with 0.1% formic acid, pH 2.7) increasing from 5% to 35% at a total flow rate of 300 nL/min over 100 min. The components were further subjected to MS and MS/MS analysis twice. MS analysis of the iTRAQ-labeled samples was performed by ESI-Q-TOF MS. The TOF-MS scan range was 350--1250 m/z and the 20 most intense, multiply-charged ions were selected for subsequent MS/MS analysis with a mass range of 100--1250 m/z. Precursor ions were excluded from reselection for 30 s. The analysis was carried out with three technical replications.

Data analysis {#S0002-S2007}
-------------

Protein identification and quantification were performed using Mascot 2.3.02 (Matrix Science, London, UK) and Scaffold (Proteome Software, Portland, OR, USA) software for iTRAQ quantification. All data were searched against the international Swiss-Prot human database (20111015, human). The parameters for the searches were as follows: quantification: iTRAQ 8plex (Applied Biosystems iTRQA™ 8-plex); enzyme: trypsin; fixed modification: Methylthio (C), iTRAQ8plex (K) and iTRAQ8plex (N-term); variable modifications: oxidation (M) and iTRAQ8plex (Y); peptide tolerance: 25 ppm; fragment tolerance: 0.1 Da; MS/MS tolerance: 0.05 Da; max missed cleavages: 2. In this study, a false discovery rate (FDR) below 1% was used to control protein level identification based on the target-decoy strategy. Proteins with at least one unique peptide with a confidence level above 95% were used for quantitation. Student's *t*-tests were used to compare protein expression levels between the B-ALL and control groups, T-ALL and control groups, and T-ALL and B-ALL groups. The mean value of the ratio of each group was used to calculate the fold-change. The relative protein levels were determined based on the ratio of the reporter ions of the peptides as previously described.[@CIT0011] Proteins with a fold-change above 1.2 or below 0.8 with Student's *t*-test *P*-values\<0.05 were selected as differently-expressed proteins (DEPs).[@CIT0012] After identification and quantification, the data were exported into an Excel file format for further screening analysis.

Bioinformatics analyses of DEPs {#S0002-S2008}
-------------------------------

The significant DEPs that differentiated the two groups of samples were further assessed using Ingenuity Pathway Analysis software (IPA) (version 7.1, Ingenuity System Inc., Redwood City, CA, USA; www.ingenuity.com) to statistically determine the biological functions, predominant canonical pathways, and interaction networks associated with these proteins. Significance levels were assessed by Fisher's exact tests (*P*\<0.05).

ELISA validation {#S0002-S2009}
----------------

Of these DEPs among healthy control, B-ALL, and T-ALL groups, S100A8, LRG1, SPARC and sL-selectin were chosen for verification of differential expression using ELISA. These proteins were selected on the basis of their significant roles in development, tumorigenesis and cancer progression per published reports.[@CIT0013]--[@CIT0016] The DEPs were quantified in the healthy controls (N=24), newly diagnosed B-ALL (N=24) patient, and T-ALL patient (N=24) samples. Human ELISA kits for leucine-rich alpha-2-glycoprotein-1 (LRG1), protein S100-A8 (S100A8), secreted protein acidic and rich in cysteine (SPARC), and serum-soluble L-selectin (sL-selectin) were used. ELISA assays were performed according to the manufacturer's protocols and samples were run in duplicate. The absorbance of the standards and samples were determined by spectrophotometry at 450 nm using a microplate reader. The results were plotted against the linear portion of a standard curve.

Statistical analysis {#S0002-S2010}
--------------------

The data are presented as means ± standard deviation. Statistical comparisons among the three experimental groups were performed using one-way analysis of variance (ANOVA) and unpaired Student's *t*-tests. Statistical analyses were performed using IBM SPSS Statistics for Windows, version 20.0 (Armonk, NY, USA) and two-tailed *P*-values\<0.05 were considered statistically significant.

Results {#S0003}
=======

iTRAQ quantitation of DEPs {#S0003-S2001}
--------------------------

In order to explore the potential serum biomarkers of pediatric T-ALL, an iTRAQ-based proteomic method was performed to detect DEPs among three comparative groups (B-ALL: control, T-ALL: control, and T-ALL: B-ALL). After merging data from the three replicates, a total of 534 nonredundant proteins containing at least one peptide were identified. Proteins with relative abundances with greater than 1.2-fold change were defined as significantly changed. Moreover, a total of 534, 534, and 468 proteins were quantified in the B-ALL: control, T-ALL: control, and T-ALL: B-ALL comparisons, respectively. Further analysis identified 81 (up-regulated: 20, down-regulated: 61), 85 (up-regulated: 43, down-regulated: 42), and 38 (up-regulated: 31, down-regulated: 7) DEPs in the B-ALL: control, T-ALL: control, and T-ALL: B-ALL comparisons, respectively ([Table 2](#T0002){ref-type="table"}). Venn diagrams were produced to summarize the distributions and numbers of DEPs ([Figure 1](#F0001){ref-type="fig"} ). Additionally, the details of all DEPs (changes \>1.2-fold, \<0.8, and *P*\<0.05) among the three different groups are shown in [Table 3](#T0003){ref-type="table"}. That the number of down-regulated proteins was significantly higher than that of up-regulated proteins in the B-ALL: control comparison. In T-ALL: control, the numbers of up-regulated and down-regulated proteins were similar. Among DEPs, B-ALL and T-ALL shared 11 up-regulated and 30 down-regulated proteins. In addition, one protein, apolipoprotein C-II, was up-regulated in B-ALL but was down-regulated in T-ALL, while the expressions of three proteins (hemoglobin subunit beta, ubiquitin-conjugating enzyme E2 variant 2, and calmodulin) were up-regulated in T-ALL but were down-regulated in B-ALL ([Table 3](#T0003){ref-type="table"}). Moreover, 36 and 40 DEPs were specifically involved in B-ALL and T-ALL, respectively. Compared to B-ALL, the most drastically up-regulated proteins in T-ALL were heterogeneous nuclear ribonucleoprotein K (HNRNPK) and sL-selectin, with ratios of 4.45 and 3.81, respectively.Table 2The quantity of differentially expressed proteins identified in experimentsSample pairsQuantifiedUp-regulatedDown-regulatedTotal differenceB-ALL: Control534206181T-ALL: Control534434285T-ALL: B-ALL46831738 Table 3Significant differentially expressed proteins identified by iTRAQ coupled with 2DLC‑MS/MSAccession NumberProtein NameGene NameAverage RatioB-ALL:ConT-ALL:ConT-ALL:B-ALLACTN1_HUMANAlpha-actinin-1ACTN17.57\--LDHA_HUMANL-lactate dehydrogenase A chainLDHA2.832.28-FINC_HUMANFibronectinFN12.332.83-A2GL_HUMANLeucine-rich alpha-2-glycoproteinLRG12.201.8-LDHB_HUMANL-lactate dehydrogenase B chainLDHB2.11\--CO3_HUMANComplement C3C32.002.21-PVRL1_HUMANPoliovirus receptor-related protein 1PVRL12.00\--CD44_HUMANCD44 antigenCD441.951.320.67VCAM1_HUMANVascular cell adhesion protein 1VCAM11.95\--AACT_HUMANAlpha-1-antichymotrypsinSERPINA31.901.55-1B07_HUMAN (+1)HLA class I histocompatibility antigen, B-7 alpha chainHLA-B1.75\--ITIH3_HUMANInter-alpha-trypsin inhibitor heavy chain H3ITIH31.721.220.71CERU_HUMANCeruloplasminCP1.671.22-S10A8_HUMANProtein S100-A8S100A81.632.58-APOC2_HUMANApolipoprotein C-IIAPOC21.600.450.28APOA2_HUMANApolipoprotein A-IIAPOA21.533.822.5APOC3_HUMANApolipoprotein C-IIIAPOC31.52-0.44CSF1R_HUMANMacrophage colony-stimulating factor 1 receptorCSF1R1.381.42-CFAB_HUMANComplement factor BCFB1.33-0.75ANGT_HUMANAngiotensinogenAGT1.28\--PLMN_HUMANPlasminogenPLG0.78\--COL11_HUMANCollectin-11COLEC110.78\--HEP2_HUMANHeparin cofactor 2SERPIND10.75\--THBG_HUMANThyroxine-binding globulinSERPINA70.750.65-PRDX2_HUMANPeroxiredoxin-2PRDX20.75\--HBB_HUMANHemoglobin subunit betaHBB0.752.12.8TRFL_HUMANLactotransferrinLTF0.75\--RARR2_HUMANRetinoic acid receptor responder protein 2RARRES20.75\--ANAG_HUMANAlpha-N-acetylglucosaminidaseNAGLU0.75\--CLUS_HUMANClusterinCLU0.74\--FIBA_HUMANFibrinogen alpha chainFGA0.74\--SODE_HUMANExtracellular superoxide dismutase \[Cu-Zn\]SOD30.73\--VTDB_HUMANVitamin D-binding proteinGC0.720.67-ITIH2_HUMANInter-alpha-trypsin inhibitor heavy chain H2ITIH20.720.78-KAIN_HUMANKallistatinSERPINA40.72\--ATRN_HUMANAttractinATRN0.68\--THRB_HUMANProthrombinF20.670.78-HRG_HUMANHistidine-rich glycoproteinHRG0.670.72-TETN_HUMANTetranectinCLEC3B0.670.67-CHLE_HUMANCholinesteraseBCHE0.67\--AFAM_HUMANAfaminAFM0.650.75-HGFA_HUMANHepatocyte growth factor activatorHGFAC0.65\--HABP2_HUMANHyaluronan-binding protein 2HABP20.650.65-LYSC_HUMANLysozyme CLYZ0.65\--PPBT_HUMANAlkaline phosphatase, tissue-nonspecific isozymeALPL0.65-1.62ADIPO_HUMANAdiponectinADIPOQ0.65\--TENX_HUMANTenascin-XTNXB0.610.78-FLNA_HUMANFilamin-AFLNA0.60-1.33PHLD_HUMANPhosphatidylinositol-glycan-specific phospholipase DGPLD10.60\--LYVE1_HUMANLymphatic vessel endothelial hyaluronic acid receptor 1LYVE10.600.6-FUCO_HUMANTissue alpha-L-fucosidaseFUCA10.60\--FIBG_HUMANFibrinogen gamma chainFGG0.560.56-PGRP2_HUMANN-acetylmuramoyl-L-alanine amidasePGLYRP20.550.75-DHX9_HUMANATP-dependent RNA helicase ADHX90.550.65-KIT_HUMANMast/stem cell growth factor receptor KitKIT0.55\--UB2V2_HUMANUbiquitin-conjugating enzyme E2 variant 2UBE2V20.551.452.64CADH1_HUMANCadherin-1CDH10.55\--CALM_HUMANCalmodulinCALM10.551.322.42FIBB_HUMANFibrinogen beta chainFGB0.53\--TAGL2_HUMANTransgelin-2TAGLN20.50-1.89FA12_HUMANCoagulation factor XIIF120.50-1.7SEPP1_HUMANSelenoprotein PSEPP10.50-1.6TTHY_HUMANTransthyretinTTR0.500.65-SHBG_HUMANSex hormone-binding globulinSHBG0.450.55-POSTN_HUMANPeriostinPOSTN0.450.5-TRML1_HUMANTrem-like transcript 1 proteinTREML10.450.6-LUM_HUMANLumicanLUM0.440.44-APOA4_HUMANApolipoprotein A-IVAPOA40.410.45-COMP_HUMANCartilage oligomeric matrix proteinCOMP0.410.5-MTPN_HUMANMyotrophinMTPN0.40\--TPM4_HUMANTropomyosin alpha-4 chainTPM40.360.772.13TYB4_HUMANThymosin beta-4TMSB4X0.350.65-GP1BA_HUMANPlatelet glycoprotein Ib alpha chainGP1BA0.350.55-SPRC_HUMANSPARCSPARC0.350.5-GPV_HUMANPlatelet glycoprotein VGP50.350.752.14LEG1_HUMANGalectin-1LGALS10.35-2.71TSP1_HUMANThrombospondin-1THBS10.300.551.83PI16_HUMANPeptidase inhibitor 16PI160.230.23-CXCL7_HUMANPlatelet basic proteinPPBP0.180.412.25CO1A1_HUMANCollagen alpha-1(I) chainCOL1A10.180.18-PLF4_HUMANPlatelet factor 4PF40.150.25-APOH_HUMANBeta-2-glycoprotein 1APOH-0.74-ZA2G_HUMANZinc-alpha-2-glycoproteinAZGP1-1.23-APOE_HUMANApolipoprotein EAPOE-0.71-PLSL_HUMANPlastin-2LCP1-2.19-IC1_HUMANPlasma protease C1 inhibitorSERPING1-0.72-VWF_HUMANvon Willebrand factorVWF-2.36-PERM_HUMANMyeloperoxidaseMPO-1.65-PPIA_HUMANPeptidyl-prolyl cis-trans isomerase APPIA-2.052.28CADH5_HUMANCadherin-5CDH5-0.75-PON1_HUMANSerum paraoxonase/arylesterase 1PON1-3.353PROF1_HUMANProfilin-1PFN1-1.531.86LYAM1_HUMANL-selectinSELL-3.053.81SAA1_HUMANSerum amyloid A-1 proteinSAA1-1.59-SAMP_HUMANSerum amyloid P-componentAPCS-1.5-APOC1_HUMANApolipoprotein C-IAPOC1-0.550.69FBLN1_HUMANFibulin-1FBLN1-0.73-PLTP_HUMANPhospholipid transfer proteinPLTP-1.4721433Z_HUMAN14--3-3 protein zeta/deltaYWHAZ-6.75-VIME_HUMANVimentinVIM-4-UBR1_HUMANE3 ubiquitin-protein ligase UBR1UBR1-1.31.44CAH1_HUMANCarbonic anhydrase 1CA1-1.611.61MBL2_HUMANMannose-binding protein CMBL2-0.65-SODC_HUMANSuperoxide dismutase \[Cu-Zn\]SOD1-1.25-SRCRM_HUMANScavenger receptor cysteine-rich domain-containing protein SCART1-0.75-ACTS_HUMANActin， alpha skeletal muscleACTA1-2.32-TALDO_HUMANTransaldolaseTALDO1-2.17-SAA4_HUMANSerum amyloid A-4 proteinSAA4-1.55-ALDOB_HUMANFructose-bisphosphate aldolase BALDOB-0.75-HEG1_HUMANProtein HEG homolog 1HEG1-1.89-HBA_HUMANHemoglobin subunit alphaHBA1-1.4-COTL1_HUMANCoactosin-like proteinCOTL1-1.342.29STMN1_HUMANStathminSTMN1-82.71-ICAM2_HUMANIntercellular adhesion molecule 2ICAM2-1.59-HNRPK_HUMANHeterogeneous nuclear ribonucleoprotein KHNRNPK-4.944.45GDIR2_HUMANRho GDP-dissociation inhibitor 2ARHGDIB-2.353.36PEBP1_HUMANPhosphatidylethanolamine-binding protein 1PEBP1-1.71.7TARSH_HUMANTarget of Nesh-SH3ABI3BP-0.78-MTG2_HUMANMitochondrial ribosome-associated GTPase 2MTG2-0.75-PSA1_HUMANProteasome subunit alpha type-1PSMA1-1.95-SH3L1_HUMANSH3 domain-binding glutamic acid-rich-like proteinSH3BGRL-3.6-CO4B_HUMANComplement C4-BC4B\--1.29ALBU_HUMANSerum albuminALB\--1.47CBG_HUMANCorticosteroid-binding globulinSERPINA6\--1.29GPX3_HUMANGlutathione peroxidase 3GPX3\--1.29TLN1_HUMANTalin-1TLN1\--1.25APOF_HUMANApolipoprotein FAPOF\--0.72C1QC_HUMANComplement C1q subcomponent subunit CC1QC\--1.63 Figure 1Venn diagram representing the serum significantly altered proteins among pediatric B-ALL, T-ALL and Control group. A total of 81,85 and 38 DEPs were identified in B-ALL vs control, T-ALL vs control, and T-ALL vs B-ALL, respectively.

Bioinformatics analysis of DEPs {#S0003-S2002}
-------------------------------

To better understand these DEPs, we used IPA. The significant DEPs (shown in [Table 2](#T0002){ref-type="table"}) were imported into the IPA software. The biological functions, canonical pathways, and interacting networks were constructed based on underlying biological evidence from the literature database. Based on the DEPs of B-ALL and T-ALL groups versus the control group, the functional analysis showed that DEPs between T-ALL and control or between B-ALL and control shared similar results, indicating that these DEPs were significantly related to cell-to-cell signaling and interaction, tissue development, cellular movement, immune cell trafficking, cardiovascular disease, and hematological system development and function ([Figure 2A](#F0002){ref-type="fig"} and [B](#F0002){ref-type="fig"}). As shown in [Figure 2C](#F0002){ref-type="fig"}, the five top categories of DEP biological functions between T-ALL and B-ALL were cardiovascular disease, lipid metabolism, molecular transport, small molecule biochemistry, and protein synthesis. IPA canonical pathways analysis identified several pathways, which were ranked in term of the DEP enrichment. Canonical pathways were considered significantly perturbed for *P*\<0.05, which corresponded to --log (*P*-value)\>1.3 by IPA. The top 10 enriched canonical pathways are shown in [Figure 3](#F0003){ref-type="fig"}. Many significantly changed signaling pathways were enriched in two sets of comparisons (B-ALL: control and T-ALL: control), including acute phase response signaling, LXR/RXR activation, atherosclerosis signaling, and coagulation system, suggesting that these pathways may be closely related to the development of pediatric ALL. These results indicated that the development of ALL is a complex process regulated by various signaling pathways.Figure 2The top 10 biological functions of DEPs identified by IPA. (**A**) B-ALL versus control group (**B**) T-ALL versus control group (**C**) T-ALL versus B-ALL group.Figure 3The top 10 canonical pathways of DEPs identified by IPA. The threshold line indicates significance threshold.Scores above the orange line are statistically significant (*P*\<0.05). (**A**) B-ALL versus control group (**B**) T-ALL versus control group (**C**) T-ALL versus B-ALL group.

IPA analysis showed that, compared to the control group, the DEPs in B-ALL were mainly involved in acute phase response signaling, LXR/RXR activation, the coagulation system, the intrinsic prothrombin activation pathway, and atherosclerosis signaling ([Figure 3A](#F0003){ref-type="fig"}). In T-ALL, the most representative pathways were acute phase response signaling, LXR/RXR activation, atherosclerosis signaling, clathrin-mediated endocytosis signaling, and production of nitric oxide and reactive oxygen species in macrophages ([Figure 3B](#F0003){ref-type="fig"}).

The top five significant canonical pathways in the comparison of T-ALL and B-ALL were LXR/RXR activation, atherosclerosis signaling, IL-12 signaling and production in macrophages, production of nitric oxide and reactive oxygen species in macrophages, and clathrin-mediated endocytosis signaling ([Figure 3C](#F0003){ref-type="fig"}).

To better understand these DEPs, the data were further subjected to network analysis to determine how the DEPs were interconnected in the development of pediatric ALL. Hypothetical networks were constructed among the experimental and IPA database proteins. The two top networks obtained in B-ALL compared to the healthy controls were related to 1) cellular movement/hematological system development and function/immune cell trafficking, with a score of 43 and containing 21 target molecules, including seven up-regulated and 14 down-regulated proteins; and 2) hematological system development and function/organismal functions/tissue development, with a score of 35 and a network containing on 19 molecules, including five up-regulated and 14 down-regulated proteins ([Figure 4A](#F0004){ref-type="fig"} and [B](#F0004){ref-type="fig"}).The two most representative networks in T-ALL compared to the healthy controls were involved in: 1) cell-to-cell signaling and interaction/hematological system development and function/inflammatory response, with a score of 34 and a network of 18 polypeptides, including five upregulated and 13 downregulated proteins; and 2) lipid metabolism/molecular transport/small molecule biochemistry. In this case, the score was 34 and the network comprised 17 molecules, including 10 upregulated and seven downregulated proteins ([Figure 4C](#F0004){ref-type="fig"} and [D](#F0004){ref-type="fig"}). Finally, the DEPs between T-ALL and B-ALL played roles in 1) lipid metabolism/molecular transport/small molecular biochemistry, with a score of 34 and 15 proteins, including nine upregulated and six downregulated proteins ([Figure 4E](#F0004){ref-type="fig"}); and 2) cellular movement/hematological system development and function/immune cell trafficking. This network had a score of 24 and contained 11 polypeptides, including 10 upregulated and one downregulated protein ([Figure 4E](#F0004){ref-type="fig"} and [F](#F0004){ref-type="fig"}). Overall, these results show that our quantitative proteomics approach is suitable for examining overall molecular profile changes in pediatric T-ALL and provides further insight into potential molecular mechanisms.Figure 4Protein-Protein interaction networks of DEPs identified by IPA. There are only shown the two top networks of each core analysis. (**A** and **B**):B-ALL:versus control group. (**C** and **D**):T-ALL versus control group. (**E** and **F**):T-ALL versus B-ALL group. (**A**) Network A are related with: cellular movement/hematological system development and function/immune cell trafficking; (**B**) Network B are implicated in: hematological system development and function/organismal functions/tissue development; (**C**) Network C are involved in: cell-to-cell signaling and interaction/hematological system development and function/inflammatory response; (**D**) Network D are implicated in: lipid metabolism/molecular transport/small molecule biochemistry; (**E**) Network E are related with: lipid metabolism/molecular transport/small molecular biochemistry; (**F**) Network F are involved in: cellular movement/hematological system development and function/immune cell trafficking. Red symbols represent upregulated proteins, while green symbols represent downregulated proteins, and the proteins existed in the network but not identified in our analysis are depicted in white. The color intensity corresponds to the degree of significance. Solid lines indicate direct interactions and dashed lines indicate indirect interactions.

DEP verification by ELISA {#S0003-S2003}
-------------------------

Several iTRAQ-identified DEPs, including sL-selectin/CD62L, S100A8, LRG1, and SPARC were selected for validation by ELISA ([Figure 5](#F0005){ref-type="fig"}). The results showed that the expression levels of S100A8 and LRG1 were significantly up-regulated in B- and T-ALL compared to those in the control group, while SPARC was down-regulated. The expression of sL-Selectin was up-regulated in T-ALL compared to that in the B-ALL group. These results were consistent with the protein expression levels observed in the iTRAQ approach, implying the reliability of the proteomics analysis.Figure 5ELISA validation of serum proteins levels in different experimental groups. Serum levels of S100A8 (**A**), LRG1 (**B**), SPARC (**C**), and in pediatric B-ALL patients, T-ALL patients and healthy controls; and serum levels of sL-selectin (**D**) in B-ALL and T-ALL patients. Data are presented as mean±SE. *P*\<0.05, compared with the corresponding controls, respectively.

Area under the receiver operating characteristic (ROC) curves and DEPs performance {#S0003-S2004}
----------------------------------------------------------------------------------

The areas under the curve (AUCs) of the ROC curves were calculated as a measure of the discriminative power. We further generated the ROC curves of the DEPs confirmed by ELISA. Our results showed unsatisfactory ROC curves of sL-selectin, LRG1, and SPARC (data not shown), which may be attributed to the limited sample size. However, the test for S100A8 was informative ([Figure 6](#F0006){ref-type="fig"}), with an AUC of 0.792 (95% confidence interval \[CI\]: 0.683--0.902). The AUCs, which quantify the overall ability to discriminate ALL from the control, were significantly greater than 0.5, suggesting the usefulness of S100A8 markers for the stratification and diagnosis of ALL. A cutoff of 20.81 ng/mL for S100A8 showed good performance for ALL, with a sensitivity of 65.91% and specificity of 86.36%. However, these results require validation in a larger patient cohort.Figure 6Area under the ROC curve of S100A8 for pediatric ALL.

Discussion {#S0004}
==========

T-ALL is an aggressive hematologic malignancy arising from early T-cell progenitors that accounts for approximately 15% of childhood ALL.[@CIT0013],[@CIT0014] Despite significant improvements in intensive combination chemotherapy and hematopoietic stem cell transplantation in recent decades, pediatric T-ALL patients show a dismal outcome compared to that in patients with B-ALL, with 25--30% of cases not able to achieve complete remission and, thus, experiencing relapse.[@CIT0015],[@CIT0016] Moreover, childhood T-ALL survivors are at an increased risk of developing long-term adverse health outcomes, including secondary malignancies due to the use of genotoxic drugs.[@CIT0021] In contrast to B-ALL, the prognostic relevance of blast karyotype has not been well established for pediatric T-ALL and has limited impact on treatment approaches.[@CIT0006],[@CIT0007] Thus, the systematic investigation of the mechanisms of pediatric T-ALL and identification of prognostic biomarkers of pediatric T-ALL will be helpful for clinical diagnosis and therapy.

Proteome analysis can provide valuable information on multiple proteins involved in oncogenesis and cancer progression and identify additional diagnostic and prognostic biomarkers.[@CIT0022] To our knowledge, this is the first study to apply serum proteomic analyses with iTRAQ-2D LC-MS/MS to identify serum proteins that were differentially expressed between pediatric T-ALL and B-ALL patients. In the present study, the identified DEPs in the two types of pediatric ALL differed significantly, with 36 and 40 DEPs specifically linked to B-ALL and T-ALL compared to those in the control group, respectively. Furthermore, we detected 38 DEPs in the T-ALL: B-ALL comparison. The proteomic profiles indicated that there were biological differences between T-ALL and B-ALL, which were further confirmed by bioinformatics analyses. Finally, four proteins, S100A8, LRG1, SPARC, and sL-selectin, were validated by ELISA.

Using the IPA software, we determined that the biological functions of the DEPs in the T-ALL: B-ALL comparison were all related to essential tumorigenesis processes, including lipid metabolism, molecular transport, small molecule biochemistry, and protein synthesis. Malignant cells appear to metabolize lipids differently from normal mature cells, and lipids can exert significant immunoregulatory effects. In addition, lipid metabolism also affects tumor progression.[@CIT0017] Apolipoprotein A2 (APOA2) is preferentially expressed and is a prognostic indicator in prostate cancer, hepatocellular carcinoma, and breast cancer and many reports suggest a relationship between leukemia susceptibility and proteins involved in lipid metabolism, including APOA2.[@CIT0018],[@CIT0019] In our study, APOA2 was also significantly up-regulated in T-ALL compared to the level in B-ALL sera, suggesting that lipid metabolism may be disordered in T-ALL patients. APOA2 appears to play a role in leukemogenesis in T-ALL; however, the pathophysiological mechanisms resulting in serum lipid alterations in ALL have not been fully elucidated. Further studies are still needed to clarify the role of APOA2 in ALL.

The IPA showed that multiple pathways were involved in B-ALL and T-ALL compared to the unaffected control, with the most prominently affected pathways being the acute phase response signaling and LXR/RXR activation pathway. The top pathways included Liver X Receptors/Retinoid X Receptors (LXR/RXR) activation in T-ALL: B-ALL, which functions in cholesterol transport, lipid and glucose metabolism, and the modulation of inflammatory responses, which are essential biological processes for tumor development.[@CIT0020] In T-ALL patients, DEPs may promote leukemogenesis by taking part in these signaling pathways directly or indirectly. Deregulation of lipid metabolism has increasingly been recognized as a feature of cancer cells.[@CIT0021] There is now accumulating evidence to support the involvement of LXRs in a variety of malignancies.[@CIT0031] A recent study has demonstrated that cholesterol homeostasis can be normalized by treatment with LXR agonists which can trigger apoptosis in blastic plasmacytoid dendritic cell neoplasm.[@CIT0022]

The most interesting finding of this study is that four DEPs, namely S100A8, LRG1, SPARC and sL-Selectin, identified through our serum comparative proteomics and validation approach can be considered candidate biomarker proteins for pediatric T-ALL. It is important to note that S100A8 and LRG1 were up-regulated, while SPARC were down-regulated in B- and T-ALL vs control. In addition, the most promising biomarkers to differentiate T-ALL from B-ALL was sL-selectin, which showed significantly higher in T-ALL than B-ALL. Expression profiles of these proteins and assessment of their changes will provide useful information for the diagnosis of pediatric T-ALL.

S100A8, usually forming a heterodimer S100A8/A9 with S100A9, is highly expressed in neutrophils and plays important roles in multiple stages of tumor cell proliferation, migration, invasion, and apoptosis.[@CIT0023] Recent clinical and experimental data have indicated that S100A8 is up-regulated in various human cancers, such as lung, gastric, breast, prostatic, colon, skin, and ovarian cancer, and is closely associated with cancer development, progression, invasion, metastasis, and prognosis.[@CIT0024]--[@CIT0026] In hematological malignancies, S100A8 and S100A9 are highly expressed in acute myeloid leukemia (AML) and S100A8 expression has been linked to poor prognosis in de novo AML.[@CIT0027] Spijkers-Hagelstein et al reported that elevated S100A8/S100A9 expression causes glucocorticoid resistance in MLL-rearranged infant ALL.[@CIT0028] Similarly, our study showed that S100A8 is involved in the development of chemoresistance in leukemia cells by regulating autophagy.[@CIT0029] In addition, mesenchymal S100A8/S100A9 predicts leukemic evolution and disease outcome in human MDS.[@CIT0030] However, a recent study indicated that S100A8 and S100A9 were regulators of myeloid differentiation in leukemia and have therapeutic potential in myelomonocytic and monocytic AMLs.[@CIT0031] S100A8 may be used as a typical or atypical marker to diagnose diseases or predict disease progression.

LRG1 is involved in cell adhesion and development, protein-protein interaction, and signal transduction. Recent evidence has suggested that LRG1 may promote disorganized pathological rather than developmental/physiological angiogenesis by modulating endothelial TGF-β signaling.[@CIT0032] LRG1 may also be a biomarker for various types of cancer, including colorectal, lung and breast cancers.[@CIT0003]--[@CIT0043] In leukemia research, a previous study suggested that serum LRG1 was upregulated in B-ALL, consistent with our findings.[@CIT0034] In our study, upregulated serum LRG1 was also observed in T-ALL. Our results suggested that LRG1 may be a potentially promising biomarker and therapeutic target in ALL.

SPARC is a multi-faceted matricellular protein secreted by many types of cancer and tumor-associated stromal cells and is believed to regulate tumor cell growth and metastasis.[@CIT0035] However, SPARC is differentially expressed in various tumors and its patterns of expression vary depending on the cancer type. In certain types of cancers, such as breast, lung and pancreatic cancers, higher levels of SPARC expression are associated with highly aggressive tumor phenotypes.[@CIT0036]--[@CIT0050] In contrast, SPARC is downregulated in ovarian, neuroblastomas, and colorectal cancers and shows an anti-tumor role in anti-angiogenesis, anti-adipogenesis, pro-apoptosis, and inhibition of cell proliferation.[@CIT0037],[@CIT0038] In the field of hematopoietic research, SPARC is part of the commonly deleted region of the 5q myelodysplastic syndrome and is deregulated in other hematologic malignancies.[@CIT0039],[@CIT0040] In leukemic contexts, SPARC may exert opposing effects depending on the leukemia type.[@CIT0041] Indeed, high SPARC expression is associated with adverse outcomes in cytogenetically normal acute myeloid leukemia (AML).[@CIT0042] Similarly, divergent roles for SPARC have been proposed in lymphoid malignancies, where the absence of stromal SPARC predicts a poor prognosis in diffuse large B-cell lymphoma, while its leukemia-specific upregulation is a recurrent event in relapsed pediatric B-ALL.[@CIT0043],[@CIT0005][@CIT0008] In our study, serum SPARC expression at diagnosis was down-regulated in pediatric T- and B-ALL. A previous study also showed that SPARC deficiency promoted CD5 (+) B--cell lymphomagenesis and was correlated with chronic lymphocytic leukemia (CLL) in humans[@CIT0044] A recent study demonstrated a significant down-regulation of SPARC in T-cell non-Hodgkin lymphoma (T-NHL) samples and cell lines owing to DNA methylation, while low SPARC levels were associated with a poor prognosis in T-NHL patients. Furthermore, SPARC functions as a tumor suppressor gene in T-NHL.[@CIT0045] In chronic myelogenous leukemia (CML) cells, endogenous SPARC levels are reduced but imatinib mesylate treatment induced increased production of exogenous SPARC by normal cells. This exogenous SPARC may inhibit CML cell proliferation and synergize with tyrosine kinase inhibitors (TKIs) by inhibiting cell cycle progression from G1 to S phase.[@CIT0046] A recent study suggested that the loss of SPARC protects hematopoietic stem cells from the toxic effects of serial 5-FU chemotherapy treatment.[@CIT0047]

L-selectin or CD62L, a cell adhesion molecule with a primary function of directing leukocyte migration and lymphocyte homing to lymph nodes, is expressed on most normal leukocytes and is also detectable on blast cells in ALL and AML.[@CIT0048],[@CIT0049] Monitoring of sL-selectin concentration may be useful for evaluating leukemia activity in ALL patients as its concentration likely reflects the total mass of leukemic cells and its synthesis may be upregulated by blast cells.[@CIT0050] In acute leukemia, the plasma sL-selectin concentration is elevated but lower in patients with CR, with increased levels observed during leukemia relapse.[@CIT0050],[@CIT0051] High plasma sL-selectin levels were detectable in patients with AML and correlated with disease activity and poor prognosis. Patients with extramedullary disease had higher levels of sL-selectin than those in patients without extramedullary disease.[@CIT0051] A recent clinical study demonstrated that high expression of CD62L in T cells and low sCD62L plasma levels at diagnosis were strong markers predicting deep molecular response to TKI therapy in early chronic-phase CML.[@CIT0052] Another study also suggested that sL-selectin in cerebrospinal fluid is a good diagnostic tool for the detection of central nervous system involvement in children with ALL.[@CIT0053] In our study, sL-selectin expression was markedly higher in pediatric T-ALL than that in B-ALL, which may be related to earlier central nervous system infiltration.

Since serological ELISAs are relatively simple, inexpensive, and minimally invasive to perform in children, serum S100A8, LRG1, SPARC, and sL-selectin may comprise a potential biomarker panel for distinguishing pediatric T-ALL from B-ALL. Furthermore, sL-selectin level might be a powerful indicator of leukemia activity in T-ALL and useful for early diagnosis of relapse or meningeal infiltration in T-ALL. As this was a single-center study and the sample size was relatively small, further validation using a larger series of children with ALL is needed. Additional studies are also necessary to define the potential role of sL-selectin in the risk stratification of T-ALL.

Conclusion {#S0005}
==========

In summary, iTRAQ-based two-dimensional LC-MS/MS serum profiling led to the identification of several DEPs in ALL. The potential biomarkers for early diagnosis of childhood T-ALL or B-ALL included serum S100A8, LRG1, SPARC, and sL-selectin. These potential biomarkers may improve the pre-diagnosis of T-ALL or B-ALL, which are currently difficult to diagnose in early stages. Compared to that in B-ALL, sL-selectin was present at a higher level in T-ALL and may, therefore, be a sensitive and specific biomarker for the diagnosis and prognosis of T-ALL and may also be a potential therapeutic target. Further clinical studies using a larger cohort are necessary to determine whether serums levels of S100A8, LRG1, SPARC, and sL-selectin are associated with the development of acute symptoms or survival in patients with ALL.

The authors would like to thank the personnel at the Research Center for Proteome Analysis, Institutes of Biomedical Sciences, Fudan University for excellent technical assistance. This work was supported by the Natural Science Foundation of Henan Province, China (No. 162300410265).

Disclosure {#S0006}
==========

The authors report no conflicts of interest in this work.
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